The activity and gene expression of sorbitol-6-phosphate dehydrogenase (S6PDH), NAD + -dependent sorbitol dehydrogenase (NAD-SDH), sucrose phosphate synthase (SPS), sucrose synthase (SS) and soluble acid invertase (S-AIV), in developing 'La France' pear leaves in relation to the metabolism of sorbitol and sucrose as translocated sugars, were investigated. The levels of activity and mRNA of S6PDH were significantly higher in mature leaves than in folded and young ones. S6PDH activity was more than ten times higher than SPS activity. SPS activity remained at an almost constant level throughout the developmental stages; it was undetectable except in the very young leaves although its mRNA was present. NAD-SDH and SS activities were higher in young leaves than in mature ones; the levels of mRNAs, however, exhibited an inverse patterns to that of activities. The levels of both activity and mRNA of S-AIV were significantly higher in folded and young leaves than mature ones. The distinctly higher expression of S6PDH than that of SPS in mature leaves suggests that the former is more important than the latter in relation to CO 2 assimilation (source activity). Thus, the most important change in the transition from sink to source of the pear leaf is the increasing expression of S6PDH gene with leaf maturation.
Introduction
To improve the quality of fruit, it is of prime importance to make active not only the strength of importing photoassimilates into the fruit, the sink activity, but also the strength in supplying photoassimilates by the leaf, the source activity. In Rosaceae plants, both sorbitol and sucrose as photoassimilates are translocated from the mature leaf to the sink organs. Regarding their synthesis and catabolism, S6PDH and NAD-SDH have been purified (Kanayama and Yamaki, 1993; Oura et al., 2000) , and their cDNA clones were isolated from apple (Kanayama et al., 1992; . SS was also purified and its cDNA clone was isolated from Japanese pear fruit (Tanase and Yamaki, 2000) . S-AIV has been purified already from peach (Moriguchi et al., 1991) and Japanese pear fruits (Hashizume et al., 2003) . Loescher et al. (1982) reported that S6PDH activity increased in the developing apple leaves in the spring, during their transition from a sink to source. Bieleski and Redgwell (1985) reported that folded and very young apricot leaves at the fifth position towards the shoot apex synthesized little sorbitol, but started to supply sorbitol to other organs as the leaves expanded. Sakanishi et al. (1998) have indicated that the mRNA expression and the activity of S6PDH increased with the maturation of peach leaves, whereas Lo Bianco et al. (1999) found that NAD-SDH activity was highest in the shoot tip which can not supply photoassimilate. In sucrosetranslocating plants, it is well known that SPS is the most important enzyme while SS and AIV activities were related to the sink activity (Turgeon, 1989) since these are involved in sucrose catabolism. Recently, SPS activity in apple leaf was reported to be inhibited by sorbitol-6-phosphate, which is synthesized by S6PDH (Zhou et al., 2002) suggesting that sorbitol synthesis may occur more readily than that of sucrose. However, to our knowledge, only one study has so far investigated the activities of the sucrose-related enzymes (SPS, SS, and AIV) in connection with the activities of the sorbitolrelated enzymes (S6PDH and NAD-SDH) in peach leaf (Lo Bianco et al., 2000) . This study examined the enzyme activities only, therefore, there are no reports yet about their expressions during leaf development.
Thus, the purpose of this study is to get some basic data on the gene expression of enzymes related to the metabolism of sorbitol and sucrose, and their roles in
Materials and Methods
The most proximal leaf of the current shoot on a 15-year-old pear tree (Pyrus communis L. var. sativa DC. 'La France') grown in the orchard of Nagoya University was designated as No. 1. The succeeding leaves were numbered in a sequential order towards the shoot apex. When the leaves were collected on May 7, 2001 (full bloom on April 5), the top leaf position that was used was No. 15. The number of leaves per shoot may reach as much as 25 when shoot growth ceases in early June. To examine the changes in the activity and mRNA levels during leaf development, we collected individual leaves at each number at noontime. The top leaf (No. 15) was designated as folded leaf, leaves of Nos. 12, 13 and 14 as young leaves, and leaves from Nos. 1 to 11 as mature leaves.
The leaves were placed immediately in liquid nitrogen after harvest and stored at −80°C until analyzed. All assays of the enzyme activities and mRNA levels were carried out in triplicate.
Total RNA extraction, northern blot analysis and preparation of probes, enzyme extraction and assay, and protein extraction and determination, were performed following the same methods as described in the previous paper (Yamada et al., 2006) , except that five volumes of homogenizing buffer were used in enzyme extraction.
Results

Expression of S6PDH during leaf development
S6PDH mRNA was not detected in the leaves of Nos. 14 and 15, but increased prominently with leaf growth and reached a maximum level in mature leaves (Nos. 8-10). The level remained nearly constant in mature leaves (Nos. 4-7), paralleling that of the enzyme activity based on protein content. The activity based on fresh weight was very weak in folded and young leaves, but it increased prominently as the leaves matured to reach its maximum level at leaf No. 9 (Fig. 1) .
Expression of NAD-SDH during leaf development
In the northern blot analysis, two NAD-SDH mRNA bands were detected, which showed the same fluctuation pattern. The level of NAD-SDH mRNA gradually increased as the leaves aged to reach a maximum level at leaf No. 4. NAD-SDH activity on the basis of fresh weight or protein content, showed an inverse trend; Its activity in young leaves (Nos. 13, 14) was much higher and declined rapidly as the leaves unfolded, despite the high level of transcripts. Thereafter, it rose slightly again as the leaves matured (Nos. 4-6) ( Fig. 2) .
Expression of SPS during leaf development
In very young leaves (Nos. 13-15), the level of SPS mRNA was very low; it increased prominently as the leaves aged and remained constant in the completely matured ones. The fluctuation pattern was similar to that of S6PDH transcripts, although SPS activity, on the basis of fresh weight and protein content, was not detected in folded leaves (No. 15). Its activity in mature leaves did not differ from that of young leaves, although the level of SPS mRNA in mature leaves was higher than that in the folded and young ones (Fig. 3) .
Expression of SS during leaf development
The level of SS mRNA was constant throughout leaf development, except at leaf No. 4 that was higher. However, the activity, based on fresh weight was high in young leaves (Nos. 12 and 13), declined gradually with leaf maturation. The seasonal trend of activity based on both protein content and fresh weight did not correspond to that of its mRNA level (Fig. 4) . 
Expression of S-AIV during leaf development
The level of S-AIV-1 mRNA that was higher in folded and young leaves (Nos. 10-15), decreased rapidly with leaf maturation and remained low in older leaves. S-AIV-2 mRNA was not detected throughout leaf development (data not shown), while mRNAs of both S-AIV-1 and S-AIV-2 were expressed in the pear fruit (Yamada et al., 2006) . S-AIV activity based on fresh weight was also high in folded and young leaves, but declined with leaf maturation. The trend of its activity based on protein content corresponded to that of its mRNA level except in folded leaf (Fig. 5) .
Discussion
S6PDH activity in pear leaf that was barely detectable in folded and young leaves, increased with leaf maturation, to reach its maximum activity in mature leaf (Fig. 1) . The level of S6PDH mRNA corresponded nearly to that of its activity. Therefore, the expression of S6PDH seemed closely related with the transition from sink to source function of the leaves and is regulated at the transcriptional level. In peach, the expression of S6PDH with leaf development was also suggested to be regulated at the transcriptional level (Sakanishi et al., 1998) .
NAD-SDH activity that was high in folded young leaves, although weak photosynthetically, declined rapidly as the leaves matured. This is in agreement with previous reports that NAD-SDH activity decreased as the leaves grow promoting photosynthetic activity (Loescher et al., 1982) and that it was apparently higher in the shoot apex than in mature leaves (Lo Bianco et al., 1999) . However, our results show that the expression pattern of the NAD-SDH mRNA level was inverse to that of the NAD-SDH activity, being rather active in mature leaves. This may be attributed to the presence of NAD-SDH isogenes in pear leaves. Earlier studies reported that NAD-SDH in apple belongs to a multigene family (Nosarszewski et al., 2004; Park et al., 2002) . In the northern blot analysis, even if hybridization was carried out at 68°C which is a relatively stringent condition, we detected two bands of NAD-SDH mRNA which suggests that pear leaf has isogenes with similar sequences. A cloning study to further investigate the presence of NAD-SDH isogenes from pear leaf is therefore necessary. The level of SPS mRNA increased with leaf maturation, similar to that of S6PDH mRNA. However, SPS activity in young leaves, except the folded leaf, was almost the same as that in mature leaves, as was reported in peach leaves (Merlo and Passera, 1991) . This observation may be explained by the presence of SPS isogenes that was reported in Citrus unshiu (Komatsu et al., 1999) . However, northern blot analysis in our study, using the probe designed based on the coding region of the cDNA fragment, showed only one band, thus, it is difficult to say whether pear leaf has SPS isogenes. A thorough investigation to confirm the presence of isogenes using other stages of pear leaf, and to analyze their expressions is highly recommended. Though it is still premature to explain the discrepancy between the SPS mRNA expression and activity in terms of the presence of isogene, it is well known that SPS activity in a leaf is regulated at the post-translational level (Doehlert and Huber, 1983; Walker and Huber, 1989; Zhou et al., 2002) . The results further suggests that SPS activity in young leaves seems to be regulated at the different levels rather than at transcriptional level unlike S6PDH. Thus, the fluctuation pattern of SPS activity apparently differs from that of S6PDH; SPS activity in mature leaves was prominently less than that of S6PDH. This suggests that SPS contributes less photoassimilates as a source function than does S6PDH.
Although SS mRNA remained at a constant level throughout the developmental stages, SS activity was, however, prominently high in young leaves. Sturm et al. (1995) reported that SS activity in carrot leaf decreased with leaf development and that this reduction corresponded to the decline of the SS mRNA level. The present result may be caused by the existence of SS isogenes that belong to a multigene family as in pea leaves. These isogenes have distinctly different patterns of expression (Barratt et al., 2001 ). However, our results are not extensive enough to ascertain the existence of SS isogenes in pear leaf. The changes of S-AIV1 mRNA level in pear leaves was quite similar to that in grape (Davies and Robinson, 1996) , orange (Schaffer et al., 1987) and carrot (Sturm et al., 1995) in which the activity and transcript levels of S-AIV were high in folded leaves and declined with leaf development. Thus, S-AIV1 participates in the sink function, whereas S-AIV2 mRNA that was not detected does not. In grape leaves, two S-AIV isogenes, GIN1 and GIN2, were cloned, of which GIN2 was not expressed in leaves (Davies and Robinson, 1996) . The S-AIV activity in pear leaf, therefore, is influenced mainly by the expression of the S-AIV1 mRNA and participates in the sink function in folded leaves.
In mature leaf which serves as a source of soluble carbohydrates, S6PDH was highly expressed, and the activity, being more than ten times that of SPS activity. Recently, SPS activity was found to be inhibited in vitro by sorbitol-6-phosphate (S6P), which is a product of S6PDH (Zhou et al., 2002) . Therefore, SPS activity in pear leaf may be expected to be regulated by S6PDH activity via the production of S6P, since the Ki value of S6P for SPS inhibition (Zhou et al., 2002) , the Km value of S6P for S6PDH (Kanayama and Yamaki, 1993) and the Km value of S6P for phosphatase (Zhou et al. 2003) were 1.83 mM, 4.69 mM and 0.83 mM, respectively, which do not show great differences. Furthermore, it was shown that the competition of substrates (glucose-6 phosphate/fructose-6 phosphate) between S6PDH and SPS occurred in vivo by S6PDH cDNA transgenic apple leaves (Kanamaru et al., 2004) . This transgenic plant that S6PDH activity was reduced to less than 1% of that of the non-transgenic ones by co-suppression suggested that the main translocatable sugar in pear is sorbitol rather than sucrose due to disturbance of the growth. It has been reported that sorbitol rather than sucrose was the major translocating sugar in the phloem sap of peach leaf (Moing et al., 1997) and in the exudates from peduncles of apple (Klages et al., 2001) . The NAD-SDH, SS and S-AIV activities were higher in folded and young leaves, in which sorbitol and sucrose are actively metabolized as carbon sources for growth, compared with matured leaves. In the future, to assess whether sorbitol or sucrose is the main translocating sugar and at what specific stage of leaf development does the transition from sink to source occurs, we need to determine the sorbitol and sucrose levels and their ratio in the phloem exudates of pear leaves.
